SUMMARY AND CONCLUSIONS
Studies have been conducted upon certain nitrogen-fixing clostridia isolated from Tama silt loam and Grundy silt loam, two acid soils widely distributed in Iowa. Tests have been made of their reaction requirements, capacity to fix gaseous nitrogen and production of carbon dioxide under varying controlled conditions in the laboratory. The results appear to warrant the following conclusions.
1. Nitrogen-fixing anaerobes were present in rather large numbers in the acid soils studied.
2. Varying applications of lime had little or no effect upon the numbers of anaerobic nitrogen-fixers or upon their ability to fix nitrogen in soil-solution cultures in the presence of nitrogen gas.
3. An incubation period of 3 weeks seemed to be suitable for obtaining maximum amounts of nitrogen fixed anaerobically. Pure cultures of Clostt·idium pasteurianum and Clostridium btdyric1£m fixed only very small amounts of nitrogen in solution cultures in an atmosphere of nitrogen.
-4. The initial pH of the medium apparently had very little effect upon the amounts of nitrogen fixed over a range of pH values from 5.0 to 9.5 . In all the cultures the final pH after 3 weeks was near 5.0. The amounts of acid produced at various intervals over a 133-hour period in mixed cultures of .soil anaerobes appeared to be closely related to the amounts of glucose utilized. No relationship was observed, however, between the initial reaction of the medium and the nitrogen fixed over a 20-day period. Apparently the optimum pH for growth and nitrogen fixation by the soil anaerobes extends over a wide range, and the organisms are somewhat tolerant of acidity.
5. The nitrogen metabolism of mixed cultures of soil anaerobes was studied in Winogradsky's nitrogen-free medium containing 0.2 gram of calcium chloride per liter or 15 grams of calcium carbonate per liter. Comparatively large amounts of nitrogen were fixed in both media, with a tendency for the amount to be larger in the calcium carbonate medium. In the calcium chloride medium larger amounts of ammonia and amino nitrogen were produced than in the carbonate medium. Larger amounts of acid were present in the cultures containing the calcium chloride.
6. The metabolism of the two pure cultures of soil anaerobes, No.4, not identified, and No.5, Clostridium butyricum, was also studied in these two media. In the calcium chloride medium culture 5 was somewhat more efficient in fixing nitrogen. Glucose utilization was greatly stimulated by the presence of calcium carbonate, the effect being somewhat more pronounced with cul-ture 5. The carbonate also had a beneficial effect upon the amounts of nitrogen fixed in both cultures. There was some relation between the rate of nitrogen fixation and the glucose utilization and also between the rate of acid production and the glucose utilization. Nitrites and nitrates were produced in both cultures in the calcium carbonate medium, but none were found in the presence of calcium chloride.
7. Results obtained with Clostl'iditun butYl'icmn growing in media containing varying nitrogen sources and in a nitrogenfree medium, all with calcium carbonate, showed that the presence of combined nitrogen in the medium greatly stimulated the utilization of glucose during the first part of the incubation period. The entire amount of glucose present in all the cultures was utilized, however, by the end of 25 days. The most rapid utilization occurred when sodium nitrate was used as a nitrogen source. Practically negligible amounts of nitrogen were fixed in the media containing combined nitrogen, while comr>aratively large amounts were fixed in the nitrogen-free medium.-Apparently the calcium carbonate did not immediately neutralize the acids as they were formed, but the reaction proceeded slowly over the entire incubation period.
S. In experiments on carbon dioxide production with a pure culture of Clostridium butyricum in various media containing cafcium carbonate, it was found that large amounts of carbon dioxide were produced under anaerobic conditions. The largest amounts were produced in the peptone medium. Production was about the same in sodium nitrate and nitrogen-free media. Only very small amounts of carbon dioxide were produced in the similar media containing calcium chloride instead of calcium carbonate. The presence of air apparently stimulated the production of carbon dioxide by Clostridium butyricum in the peptone medium, but exerted a detrimental effect when the sodium nitrate and nitrogen-free media were used. The retarding effect of calcium chloride was less pronounced in the peptone medium when air was present.
9. The source of the carbon dioxide produced in the peptone medium containing calcium carbonate was presumably in the glucose molecule. A small portion of the carbon dioxide was produced as a result of the interaction of the calcium carbonate with the acids formed.
10. Throughout all the experiments marked beneficial effects upon the nitrogen-fixing Clostridia were observed owing to the presence of calcium carbonate in the medium. This effect was not only noted upon the growth of the organisms in the various cultures and the utilization of glucose but also upon the fixation of nitrogen.
The Metabolism of Some Nitrogen-Fixing Clostridia·
By W. HILLMAN WILLIS** Since the discovery of the anaerobic nitrogen-fixing bacteria of the soil b:r Winogradsky in 1894, there has been some study of these organisms in this country and abroad. Little investigational work has been conducted, however, to determine the activities of these organisms either in the laboratory under artificial conditions or in the field in their natural habitat. Hence, little is known of the role they play in the maintenance of soil fertility.
Walker and Brown (46 ) have recently reported nitrogen fixation in some acid Iowa soils when tested in solution cultures, but they were unable to obtain any fixation under conditions favorable for the growth of Azotobacter and they suggested that anaerobes might be responsible for the fixation noted. It seemed desirable, therefore, to study the occurrence and activities of these organisms in field soils and their physiological reactions under controlled conditions. 'l'he experiments reported in this bulletin were planned to· throw some light upon the problem of nitrogen fixation by anaerobic organisms and particularly upon the metabolic processes of certain of the clostridia, which are the most important anaerobic nitrogen-fixers in the soil.
HISTORICAL
The work of Winogradsky (50 ) , (51 ), (52 ) on the free living anaerobic nitrogen-fixing organisms was followed by studies by Haselhoff and Bredemann (23) , Bredemann (7 ) , (8 ) , Omeliansky and Solounskoff (31 ), (32 ) and Truffaut and Bezssonoff l38 ) , (39 ) , (40 ) , (41 ) , (42 ) (44 ) and Batchelor (4 ) studied the relation of these organisms to the aerobic nitrogenfixing organisms and found that they were not r estricted in growth by acidity as were the aerobic forms.
Marino ( (35) , have reported on the metabolism of some anaerobes. Burk (11) , (12 ) , (13 ) , and Walker (45) have suggested important methods for the study of metabolic processes in connection with their studies on other organisms. Wilson and Peterson (49) have also discussed the process of anaerobic nitrogen fixation, suggesting that the mechanism of the process may be entirely different from that involved in aerobic nitrogen fixation.
EXPERIMENT AL
The purpose of the experiments reported in this bulletin has been fourfold. First, to develop satisfactory anaerobic culture methods, both for the isolation of pure cultures of the anaerobic nitrogen-fixers from the soil and also for handling the cultures during nitrogen-fixation tests; second, to determine the reaction requirements of the bacteria for maximum nitrogen-fixation; third, to study the nitrogen metabolism of pure and mixed cultures of nitrogen-fixing anaerobes for the purpose of learning the . forms of nitrogen represented in "fixed" nitrogen and the processes accompanying nitrogen-fixation; and fourth, to determine the production of carbon dioxide as influenced by variations in the media and also to determine the source of the carbon dioxide in anaerobic fermentation.
NITROGEN FIXATION AND CHANGES IN THE REACTION OF THE MEDIUM PRODUCED BY SOIL ORGANISMS UNDER ANAEROBIC CONDITIONS
The first test was conducted to determine the numbers of soil organisms capable of growing on a nitrogen-free medium in the absence of free oxygen and in an atmosphere of nitrogen. Dilutions of 1 :100 and 1 :10,000 in sterile water were made of Grundy silt loam taken from variously treated plots of the Osceola experimental field in Clarke County. Plates were made on a sterile nitrogen-free agar medium.
The composition of the basic nitrogen-free medium employed in this test and others is as follows: 
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The inoculated plates were covered with sterile porous covers and placed in a small anaerobic jar. Nitrogen gas was passed through the jar until methylene blue solution contained in a petri dish in the jar was decolorized. The plates were incubated at 28 0 C. for 6 days, and the colonies appearing on each plate were counted. The average counts obtained from duplicate tests, together with the treatments of the various plots, are given in table 1. The data indicate that this soil contains an abundance of organisms capable of developing under anaerobic conditions on a nitrogen-free agar medium. There is some indication also that an increase was brought about by applications of limestone, but further study would be necessary to test the significanee of the differences.
The second experiment was conducted to determine the effect of various treatments upon the nitrogen-fixing capacity of the anaerobic flora of the soils from the plots on both the Grundy silt loam and a Tama silt loam of the same pH. In this experiment a large bell jar 16 by 11 inches was employed as an anaerobie jar. Fifty cc. portions of nitrogen-free medium, in 150 cc. extraction flasks, were inoculated with 1 gm. samples of soil from the variously treated plots. Three flasks of medium were used for each sample. As a check upon the anaerobic conditions within the jar other flasks of the same medium were inoculated in triplicate with pure cultures of Azotobacte1' chroococcum, Azotobacter vinelandii, and A zotobactC1' beijerincki, and placed under the jar. A current of nitrogen gas was passed through the jar forcing the air out and this was continued for about 20 hours or UIitil the methylene blue solution within the jar was completely decolorized. At the end of this time a sample of the gas in the jar was withdrawn and analyzed for the percentage of oxygen by use of a Haldane, Henderson, Bailey gas analysis apparatus as described by Bailey (3 ) . The amount of oxygen was found to be less than 0.2 percent, The cultures were incubated at l'oom temperature for 3 weeks, and then removed and analyzed for total nitrogen by the Gunning-Hibbard modification of the Kjeldahl method (20 ) . Determinations werc also made of the nitrogen content of the soil, the medium and the reagents used, and the amount of nitrogen fixed was calculated. The results obtained and the treatments of the various plots are given in table 2. In the cultures inoculated with Grundy silt loam from the differently treated plots, there appeared to be little or no effect of the treatments on the amounts of nitrogen fixed. The same was true in the experiments with Tama silt loam, except possibly in the case of the culture inoculated with soil which had received an application of superphosphate in addition to the limestone. In this case ' the average results were somewhat higher, indicating that the phosphate may have had some effect in increasing the amount of nitrogen fixed.
The results show that nitrogen fixation occurred in the solution cultures under the anaerobic conditions imposed. No nitrogen was fixed, however, in any of the Azotobacter cultures used as cheCkS in this experiment, which indicated that the fixation in the soil-solution cultures was due to anaerobic activity.
It now seemed desirable to study the effect of the length of the incubation period upon the amounts of nitrogen fixed in anaerobic cultures, and a test was carried out with culturcs incubated for 2, 3 and 4-week periods.
The large bell jar and two aquaria were used as anaerobic jars, and extraction flasks containing 50 cc. of Winogradsky's nitrogen-free medium were used as culture fla8ks. Inoculations were made in triplicate for each period with I-gram samples of Tama silt loam and pure cultures of Clostl'idiurn pasteul'ia,nunt and Clostridittrn butyricurn. Media similarly inoculated and then sterilized served as checks. 'rhe culture flasks were placed under the anaerobic jars, and the air was displaced with nitrogen gas as before. The cultures were all incubated at room temperature. At the end of 2 weeks the cultures in the first jar were removed and analyzed for total nitrogen. At the end of the 3 and 4-week periods the cultures in the second and third jars, respectively, were analyzed. The average amounts of nitrogen fixed during the different incubation periods are shown in table 3. 
With the Tama silt loam the largest amounts of nit.rogen were fixed in the 2 and 3-week periods, the amount becoming less by the end of 4 weeks. The statistical significance of this decrease was not tested, but it is reasonable to attribute it partly to utilization of the nitrogen by the organisms and partly to the production of ammonia which was lost into the atmosphere. 'With the pure cultures of clostridia, the largest amounts of nitrogen were fixed at the 3-week period, but they were not very efficient in fixing nitrogen. From these results the 3-week incubation period was selected as the most desirable when measuring the maximum amount of fixation.
The next test was planned to determine the optimum reaction for the fixation of nitrogen in solution cultures and under the anaerobic conditions described. A series of cultures was prepared by introducing I-gram portion of Tama silt loam into 90 cc. portions of the nitrogen-free medium in which CaC12 replaced the CaCOg customarily added. The reaction of triplicat.e cultures was then adjusted to pH values of 5.0, 6.5, 7.5,8.5 and 9.5. After incubation for 21 days in a large anaerobic jar at room temperature, a 20 cc. portion of the medium was withdrawn and the pH determined colorimetrically. A 50 cc. portion of the medium was used for the determination of total nitrogen. The average mgm. of nitrogen fixed together with the initial and final pH of the medium are given in table 4 .
Relatively large amounts of nitrogen were fixed regardless of the initial pH of the medium. A smaller amount of nitrogen was fixed in the medium having an initial pH of 5.0 than in the media having initial reactions of pH 6.5 or above, but the difference may not have been statistically significant. It was noted that during the 3-week period of incubatjon the pH of the medium was changed to approximately 5.0 in all cases. The data show that the organisms will grow and fix nitrogen over a wide range of reaction values.
Since the reaction of the medium in this experiment was brought to a pH of approximately 5.0 in all cases during the 21 days of incubation, it seemed desirable to conduct an experiment to determine the rate at which the reaction was changed and also if possible to correlate this change with the rate of nitrogen fixation. A test was therefore planned using a new method which made it possible to withdraw samples from the culture flasks for analyses for pH and nitrogen fixed at 5-day intervals. The inoculum w~s prepared by pasteurizing 100 gm. of soil in 400 cc. of the nitrogen-free medium at 72° C. for 10 minutes. Twentyfive cc. of the suspension were used to inoculate the 500 cc. of medium in the culture flasks. This suspension has been termed a "mixed culture of anaerobes. " 'fhe reaction of the medium contained in the flasks was then adjusted to the pH values of 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0, respectively. Nitrogen gas from a tank was passed through the cultures for 10 minutes in order to saturate the medium with the gas and also to displace the air above the medium. All the cultures were incubated at 30°0. The total nitrogen in this inoculated medium was determined at the beginning and served as a check in the calculation of the amounts of nitrogen fixed. Analyses for pH and nitrogen fixed were made at the end of each of four 5-day intervals. The changes in the reaction of the medium and the nitrogen fixed are shown in table 5.
Comparatively small amounts of nitrogen were fixe'd, the largest amount occurring at the 10 and 15-day periods. Some of the fixed nitrogen was probably lost from the medium as ammonia, which is indicated by the decrease in nitrogen fixed from the 10-day period to the 20-day period. The pH of the media having an initial pH of 4.0 and 5.0 was raised rather than lowered during the first 5 days. The reaction in nearly every case was carried below a pH . of 4.0 after 20 days. It appears that the limiting acid pH was far below that observed in the previous experiment. There was no apparent correlation between the rate of change in the reaction of the medium and the amounts of nitrogen fixed.
It seemed probable that the change in reaction during the first 5 days might be more closely correlated with the r~te of glucose utilization in the culture. An experiment was conducted, therefore, using the same medium and the same inoculation. In this case, however, samples were withdrawn from the culture flasks at 12-hour intervals, or longer, during a period of 133 hours and analyzed for sugar content. The Shaffer-Hartmann (36) method for reducing sugars was used. The change in the reaction and also the mgm. of glucose utilized at different intervals are shown in table 6 .
The cultures having initial pH values of 8.0 and 8.6, respectively, were the first to show growth. The change in reaction started earlier and continued at a more even rate with these two cultures than with the other four. ,Vith the cultures having initial reactions of 5.3, 6.1 and 7.0, no appreciable change in reaction occurred until after 108 hours. The final pH of all cultures, however, ranged from 3.9 to 4.6. The culture having an initial reaction of 8.0 and 8.6 utilized the largest amount of sugar, while the one having the lowest initial reaction utlized the least amount of glucose. It appears that there may be some relationship between the change in the reaction of the medium and the glucose utilized by the organisms. In the .first nitrogen metabolism study mixed cultures of anaerobes from Tama silt loam were used. These cultures were obtained by inoculating 400 cc. of the nitrogen-free medium with 100 gm. of Tama silt loam. After the mixture was shaken and allowed to settle, 200 cc. of the suspension were pipetted off and pasteurized at 72° C. for 10 minutes. Fifty cc. portions of this pasteurized extract or mixed culture were inoculated into 950 cc. of the same medium contained in each of four I-liter Erlenmeyer flasks. In this study the calcium carbonate of the medium was omitted and calcium chloride was used at the rate of 0.2 gm. per liter. The initial reaction of the medium was pH 7.0. Two flasks (1 and 2) were inoculated at 30° C. and two others (3 and 4), which served as checks, were sterilized after inoculation. In the first three tests analyses were made of the checks as well as of the cultures but as they did not change upon standing, the results' of the first set of analyses of the inoculated cultures 1 and 2 were used as checks in the succeeding tests.
In all cases the medium in the flasks was boiled in a water bath for about 3 minutes and then cooled to room temperature before it was inoculated. This heating served to expel the absorbed oxygen. After the medium was inoculated the flasks were stoppered immedIately, and nitrogen gas was passed through the medium until the air above it was displaced. In sampling the cultures, nitrogen gas from the low pressure gas chamber was allowed to enter the flasks to replace the medium as the sample was wlithdrawn.
In the first test quantitative determinations were made for total nitrogen, ammonia, amino nitrogen, total acid, volatile acid and non-volatile acid.
Total nitrogen was determined by the Gunning-Hibbard modification of the Kjeldahl method as described by Fred and Waksman (20) . The Christensen and Fulmer (16) method was tested but was no more satisfactory. Ammonia was determined by the aeration method of Hawk (24) . The Van Slyke (43) method was used for amino nitrogen. The difference between the total nitrogen and the sum of the amino and ammonia nitrogen is designated as "other forms of nitrogen."
The total acid was determined by titrating a 10 cc. sample with 0.1 N sodium hydroxide using phenolphthalein as indicator. Volatile acids were determined by the method of Fred, P eterson and Davenport (19) . Non-volatile acid was determined by subtracting the amount of 0.1 N volatile acid contained in 100 cc. of medium from the number of cc. of 0.1 N total acid in the same volume. Butyric acid was determined by the method of Allgeier, Peterson and Fred (1) . The results obtained in this study are shown in table 7. The amounts of ammonia and amino nitrogen which had been formed in the period of incubation had entirely disappeared by the twentieth day. It is probable that the anaerobes utilized these forms of nitrogen. As much as 32 and 36 cc. of 0.1 N acid were produced in 100 cc. of the medium in 15 days. The production of volatile acid in both cultures followed more nearly the trend of total acid production, the non-volatile acid being produced until the fifteenth day and then markedly decreased to the twentieth day. It was found that approximately 68 percent of the volatile acid fraction in both cultures was composed of butyric acid.
In order to determine the effect of neutralization of the acid as it was produced in mixed cultures of anaerobes another study was begun using 15 gm. of calcium carbonate per liter of medium instead of calcium chloride. Otherwise the tests were the same as the preceding. r1'wo additional determinations were made in this study, the amount of glucose present at each 5-day interval and the pH of the medium. The amount of glucose utilized was calculated by subtracting the amount present at any time from the amount in the medium when it was inoculated. r1'he results are given in table 8. These data show that practically all of the glucose in both cultures was utilized in 20 days. Large amounts of nitrogen were fixed, but the amount fixed in culture 2 was almost double tJ-lat fixed in culture 1. The amount of nitrogen fixed showed a marked increase in culture 1 until the fifteenth day and then a rapid decrease during the next 5 days. In culture 2 the amount of nitrogen fixed increased irregularly until the fifteenth day and then increased rapidly up to the twentieth day. The amino nitrogen increased to the fifth or tenth day, then dropped to zero by the fifteenth day, and was followed by a marked increase to the twentieth day in both cultures. The ammonia also increased during the first 5 to 10 days and then steadily decreased to zero by the end of 20 days. Culture 1 began rapid growth earlier than culture 2, and the most rapid increase in growth occurred between the fifth and tenth day in the case of both cultures. There appeared to be no relation between the nitrogen fixed and the amounts of ammonia or amino nitrogen present over the entire period of the experiment.
Acid was produced in the cultures up to the fifth or tenth day, and presumably this acid was then neutralized by the calcium carbonate, for the amounts were equivalent to only 4.0 cc . . and 2.0 cc. of 0.1 N acid in cultures 1 and 2, respectively, at the end of 20 days. Determinations for volatile acid could not be made in this study owing to the presence of calcium carbonate. The pH values follow the total acids, but abrupt changes in the amount of acids present did not effect such rapid changes in the pH.
The results as a whole indicate that the fixed nitrogen may exist partially as amino nitrogen and partially as ammonia during the first days of incubation. It appears that neutralization of the acid by the caleium carbonate allowed the organisms, in culture 2, at least, to continue the fixation of nitrogen. V{here the calcium carbonate was present, however, there was not as much amino nitrogen nor ammonia produced.
The next study was undertaken using pure cultures of organisms that were anaerobes or at least facultative anaerobes instead of mixed cultures. Twelve cultures of organisms were isolated from Tama silt loam and inoculated upon the surface of nitrogenfree agar slants. The isolation was accomplished by mixing 5 gm. of soil with 100 cc. of Winogradsky's glucose-peptone medium, shaking and filtering through several layers of sterile cloth. Part of the filtrate was allowed to stand for about 12 hours in a 50 cc. burette, the lower portions containing the anaerobes being removed and pasteurized in a water bath at 70-72 ' C. for 10 minutes. The suspension was inoculated into tubes of the same medium, containing 15 gm. of agar per liter, having been heated to boiling for a few minutes, rolled and shaken to expel the oxygen. By means of a Pasteur pipette, transfers were made to other tubes of media, this operation being repeated four times. The tubes were incubated at 31 0 C. for about 4 days. Colonies were selected by means of a hand lens, removing only those at least one-half inch below the surface of the agar. A Pasteur pipette was used, and the agar containing the colony was placed in a sterile Petri dish. With a small pipette the colony selected was introduced into another series of agar tubes, and pure cultures were secured.
The air in the culture tubes was replaced with nitrogen gas and the tubes were sealed. Since there was no combined nitrogen in the medium the extent of growth was taken as an indication of the ability of the cultures to fix nitrogen. The same cultures were also inoculated into a nitrogen-free liquid medium in small flasks, the air was forced out and the medium was saturated with nitrogen gas. 'I'he extent of growth, as evidenced by the turbidity of the medium and gas production in these flasks, was also considered indicative of the nitrogen-fixing capacity of the several cultures. Two of the most vigorously growing cultures (4 and 5) were selected for experimental purposes.
Culture 4 was not completely identified, but the organism was found to be a long rod, seldom in the spore stage and capable of fixing gaseous nitrogen. Culture 5 was found to be Clostridium b· utyricttm. 
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The first study with these pure cultures was conducted using the standard nitrogen-free medium, except that calcium chloride was added at the rate of 0.2 gm. per liter in the place of calcium carbonate. Nine hundred fifty cc. portions of the medium in two flasks were inoculated with 50 cc. suspensions of the two cultures. The air above the medium was displaced, and the medium saturated, with nitrogen gas. A 200 cc. sample was immediately withdrawn, from each culture for the first set of analyses. Succeeding analyses were made at 5-day intervals over a period of 25 days. Quantitative determinations were made for glucose present, total nitrogen, amino nitrogen, ammonia, total acid, volatile acid and pH. Qualitative tests were applied for nitrites and nitrates. The data secured are given in table 9.
It may be noted that with a 2.85 percent solution of glucose in the medium in culture 4, 298 mgm. of glucose per 100 cc. of medium were utilized over the 25-day period. More glucose was utilized in culture 5, and the most rapid utilization occurred during the first 5 days. The nitrogen content of the cultures varied considerably during the period of incubation. This was due, presumably, to an appreciable fixation of nitrogen in the early period of incubation, followed, perhaps, by a loss of nitrogen as ammonia or as free nitrogen as incubation continued. There was little or no amino nitrogen in the cultures at any time. Relatively large amounts of acid were produced in both cultures at the end of the 25 days, but culture 4 produced increasing amounts through the 25-day period, while in culture 5 the peak was reached by the twentieth day. The volatile acid produced in culture 4 constituted the larger part of the total acid. In culture 5, however, the non-volatile acid was greater at the fifteenth day and only slightly less than the volatile acid at the twentieth day. The pH values of the two cultures were not far different in most cases.
This experiment was repeated using 15 gm. of calcium carbonate per liter of medium instead of calcium chloride. The same quantitative and qualitative determinations were made as in the previous experiment. The data obtained from these determinations are given in table 10 .
In culture 4, little glucose was utilized during the first 15 days.
After this time, however, rapid utilization occurred, and almost 2 gm. of glucose were utilized per 100 cc. of medium. With culture 5 practically half the total amount of glucose utilized during the incubation period had been consumed by the fifteenth day, and utilization continued at about the same rate through the 25-day period. The increased utilization of glucose in the cultures in this experiment as compared with the last is due, presumably, to the neutralizing action of the calcium carbonate against the acid produced, thus permitting the organisms to continue growth at a higher rate or for a longer period. In the last four determinations for total nitrogen the method was modified to include nitrates. This was found necessary since qualitative tests on the tenth day showed the presence of both nitrites and nitrates in the cultures.
In both cultures, very little nitrogen was fixed until 25 days. There is some indication that nitrogen fixation was increased slightly by the presence of calcium carbonate in the medium, but there was no apparent effect upon the production of ammonia and amino nitrogen. The production of forms of nitrogen other than ammonia and amino nitrogen was increased by the presence of calcium carbonate. Relatively large amounts of acid were present in both cultures in spite of the presence of calcium earbonate. In culture 4 no acid "Was present until after the fifteenth day, then a marked increase was observed until the end of 25 days. In culture 5 two peaks were observed in total acid production, the first occurring at the tenth day and the second between the twentieth and twenty-fifth day.
From these two studies it may be pointed out that the two pure cultures of organisms reacted somewhat similarly when growing in the same medium. As evidenced by the amounts of glucose utilized, the medium containing calcium chloride favored the growth of culture 4 whereas the medium containing carbonate favored the growth of culture 5. A marked similarity existed between the nitrogen metabolism of these pure culture~ and the metabolism observed in the mixed cultures when all were grown in the same medium.
Similar studies were planned using one of the pure cultures of nitrogen-fixers grown in media containing varying nitrogen sources in order to throw further light upon the metabolism of the nitrogen-fixing clostridia. The culture of Clostridium butyricum (culture 5) was selected for this experiment. The media used con~isted of the basic nitrogen-free medium to which Was added peptone, ammonium sulfate, or sodium nitrate, and 15 gm. of calcium carbonate per liter. The various nitrogen compounds were added in amounts sufficient to supply approximately 5 mgm. of nitrogen in each case. Fifty cc. of a suspension of culture 5 was added to 950 cc. of each medium in l-liter flasks. The air above the medium in each flask was displaced, and the medium saturated with nitrogen gas. A 150 cc. sample was immediately withdrawn from each culture for the first set of analyses. The determinations made in this experiment were total nitrogen including nitrates, ammonia, amino nitrogen, total acid, pH and glucose. Qualitative tests for nitrites and nitrates were also included. All three cultures were incubated at 30· C. and analyses were made at 5-day intervals over a period . of 25 days.
After 36 hours the organisms growing in the peptone medium were producing gas vigorously; After 48 hours the organisms in the ammonium sulfate medium produced gas. In both cases vigorous gas production continued for only about 36 hours. It was not until after 72 hours that the organisms in the sodium nitrate medium produced gas, but in this case vigorous production continued over an interval of approximately 5 days.
The data obtained in the various determinations upon the culture in these three media are given in table 11. It may be noted that the presence of nitrogen in the medium induced a more rapid utilization of the glucose than was attained in the previous experiment where the organisms were grown in a medium to which combined nitrogen had not been added. There was little difference in the rate of utilization of glucose in the three nitrogenous media, except that the utilization may have been a little more rapid in the early periods in the sodium nitrate medium.
No nitrogen was fixed in the peptone or ammonium sulfate media. In the medium containing sodium nitrate the maximum amount fixed was by the fifth day. The amount of total nitrogen present in the culture in the ammonium sulfate medium decreased steadily throughout the entire incubation period. It may be noted that much larger amounts of nitrogen were fixed in the nitrogen-free medium used in previous tests than in either of the nitrogen-containing media of this test.
Marked increases in amino nitrogen were observed in the ammonium sulfate medium. Appreciable amounts of amino nitrogen were also observed in the peptone and sodium nitrate media, the largest amounts in these media being observed on the twentyfifth day. In no case were appreciable amounts of ammonia obtained.
The production of acids followed closely the glucose utilization. In the nitrogen-free medium used in previous tests large amounts of acid were not produced in the early periods of incubation which is also shown in this experiment. In each medium, there was an appreciable amount of acid produced during the first 5-day interval. In the ammonium sulfate medium the peak of acid production was reached by the fifteenth day. In the presenee of sodium nitrate the maximum amount of acid was produced by the tenth day, after that time the amount of acid decreased, due presumably, to its reaction with the calcium carbonate. It may be noted that in the peptone medium, nitrates were never observed and nitrates were present on the tenth and twentieth days only. In the ammonium sulfate medium both nitrites and nitrates were present on the tenth day. Both of these forms of nitrogen disappeared but the nitrate r eappeared on the twentieth day. ,Vith the sodium nitrate medium nitrites were observed only on the fifth day, the nitrates disappearing after 10 days and reappearing in 20 days. Neither form of nitrogen was present at the end of the incubation period.
STUDIES ON CARBON DIOXIDE PRODUCTION BY A PURE CULTURE OF A NITROGEN·FIXING ANAEROBE
Experiments were conducted to determine the rate of carbon dioxide production by Clostridium butYl·icurn, growing in various media.
The method used was that worked out by ·Warburg (47) . Some modifications for studying nitrogen-fixing soil organisms developed by Burk (12) were adopted.
Two cc. of culture medium heavily inoculated with the experimental organism were placed in each of four manometer vessels. The vessels of manometers 1 and 2 contained 0.30 cc. 2 N potassium hydroxide and the vessels of manometers 3 and 4 contained 0.30 cc. of sterile distilled water; thus the same volume of liquid was contained in each vessel. In manometers 1 and 2 the carbon dioxide produced was absorbed by the alkali. In manometers 3 and 4 the carbon dioxide was not absorbed and its production resulted in an increase in pressure over that existing in manometers 1 and 2. The amounts of carbon dioxide produced at different intervals were obtained by differences in the readings on the two groups of manometers. As soon as the vessels were connected with the manometers oxygen-free and carbon dioxide-free nitrogen was passed through the manometer at the rate of 2 or 3 liters per minute for 5 to. 7 minutes. The vessels were suspended in the water bath kept at 28.0°0. and readings were made at frequent intervals. In running replicate cultures care was exercised to obtain a uniform suspension in all the culture flasks.
Since heavy inoculations were desired the experimental organisms were first grown on a slant of nitrogen-free agar medium. The air above the slants was displaced with nitrogen gas, after the inoculum had been introduced. When sufficient growth had taken place about 20 cc. of sterile distilled water were used to wash the organisms from the slant. One cc. portions of the suspension thus obtained mere combined with 1 cc. portions of double strength medium of the desired composition J and placed in the manometer vessels.
In these experiments the rate of carbon dioxide production was measured when the organisms were grown in a nitrogen-free medium and also in a similar medium to which either peptone or sodium nitrate were added. In one set of experiments the media contained calcium carbonate and in a similar set calcium chloride was used in place of the calcium carbonate. In some cases the air within the vessel was displaced with nitrogen gas and anaerobic conditions were obtained in this manner, while in other cases, the production of carbon dioxide in the media was studied in the presence of air.
The amounts of carbon dioxide produced by Clost1'idimn btdYl'icwn in the presence of nitrogen gas in peptone medium, nitrogen-free medium and sodium nitrate medium with calcium carbonate or calcium chloride are given in tables 12, 13 and 14, respectively. 
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The results of duplicate determinations are given in each case. Carbon dioxide production in the presence of calcium carbonate was, in every case, considerably greater than in the calcium chloride media. In the media containing calcium carbonate the rate of carbon dioxide production was almost the same after 22 hours as at the beginning while in the calcium chloride media, production practically ceased after the third hour. There is little evidence that the addition of nitrogen to the calcium carbonate media had an appreciable effect upon carbon dioxide production, but it appears that in the calcium chloride media peptone increased the amount of carbon dioxide produced over that produced in the presence of sodium nitrate or no nitrogen. These results as a whole indicate that calcium carbonate has a marked stimulating effect upon carbon dioxide production and, presumably, upon the rate of growth of this particular organism under anaerobic conditions. These experiments were duplicated using the same organism and the same media except that the air within the manometer vessels was not replaced with nitrogen gas. These determinations were not made in duplicate but consistent results were obtained throughout the several readings at different intervals. The results obtained with the peptone medium in air are shown in table 15 . It may be noted that a slightly larger amount of carbon dioxide was produced in the same length of time in the 278 Although somewhat smaller amounts of carbon dioxide were produced in the presence of air in the nitrogen-free and in the sodium nitrate media, there were, however, comparatively large amounts produced in the presence of air.
These data appear to justify the conclusion that this organism is not a strict anaeTohe but facultative.
It now seemed desirable to determine, if possible, the source of the carbon dioxide which was produced. It appears that there were two possibilities, first that the total amount of carbon dioxide produced was a direct result of the decomposition of the glucose present in the medium, and second, that it was the result of the reaction of the calcium carbonate with the acids which were formed through the decomposition of the sugar.
In order to throw some light upon this subject, experiments were conducted in which pure cultures of the same organism were grown in various media. At different intervals determinations were made of the amounts of carbon dioxide produced and of the glucose utilized. Inasmuch as the vVarburg method was not suited to such a study an adaptation of the method used by Walker (45) was adopted.
A portion of the apparatus used consisted of a series of gas washing bottles containing, potassium hydroxide and pyrogallic acid, sulfuric acid and distilled water, respectively, for washing the nitrogen gas free of oxygen, ammonia and acid before it is passed into the culture bottle. The culture bottle contained 150 cc. of the culture medium to which was added a 5 cc. suspension of the organisms. 1'he CO 2 absorption train consisted of a BradyMeyer absorption tube, the lower end of which was inserted through a stopper into a 250 cc. Erlenmeyer flask which contained a known quantity, usually 75 cc., of standard patassium hydroxide solution for absorbing the carbon dioxide aerated from the culture. The air above the liquid in each cylinder in the purification train was displaced with nitrogen gas, and all the absorbed carbon dioxide and oxygen in the solutions was released by allowing the gas to pass through the train for several minutes before the culture chamber was connected. The air above the medium in the culture bottle was also displaced with nitrogen gas after the medium was inoculated. The rubber stopper in the culture bottle contained a small hole through which sterile, 10 cc. pipettes were inserted and samples of the medium for sugar analyses were withdrawn at different intervals. The inlet and outlet tubes of the culture bottle contained loosely-fitting cotton plugs which prevented the passage of contaminating organisms and at the same time permitted the flow of nitrogen. Gas from a nitrogen tank was passed through the entire apparatus for 1 hour before each determination, aerating the culture and carrying the carbon dioxide into the absorption tube. A water-suction pump was used to help draw the gas through the train. After the carbon dioxide had been absorbed it was determined by precipitation with barium chloride and titration of the excess alkali.
The two media used in this experiment were a peptone medium containing 15 gm. of calcium carbonate per liter and a peptone medium containing 0.2 gm. of calcium chloride per liter. The organism was the pure culture of Olost1"idittm bntyr"icwn isolated from Tama silt loam. Determinations for carbon dioxide produced and glucose utilized were made at 12, 25 and 36-hour intervals, depending upon the apparent amount of gas produced. From the amount of glucose utilized at different intervals of time the amounts of carbon dioxide which would have been evolved were calculated, assuming that 1 mole of glucose yielded 1 mole of carbon dioxide.
The amounts of glucose utilized, and the carbon dioxide prQduced and calculated in both media are shown in table 18. It may be noted from the data for the calcium carbonate-containing medium that there is a rather close relationship between the amount of carbon dioxide produced and the amount calculated from the glucose utilized, assuming that one gram molecule of carbon dioxide is produced for each mole of glucose utilized. During the early periods of incubation the amounts actually produced were somewhat smaller than those calculated, but the two values had a tendency to approach each other as incubation continued. If the assumption is true, that 1 mole of CO2 is produced for each mole of glucose utilized, it would appear that practically all of the CO2 measured in the absorption apparatus came from the breakdown of the glucose and very little from the reaction of the CaCO a with the acids produced. Further information of a detailed nature is needed, however, before definite conclusions can be drawn concerning this point.
The data obtained for the carbon dioxide produced and calculated for the medium containing calcium chloride, over the 139-hour interval, show that slightly more carbon dioxide was produced than was calculated from the glucose utilized. At 131 hours the organisms had practically ceased to produce carbon dioxide or utilize the sugar, and at this point 3 gm. of sterile calcium carbonate were added to the remaining 80 cc. of culture. The culture bottle was shaken and the medium then aerated for 1 hour to remove all of the carbon dioxide. The carbon dioxide liberaie<lbetween the one hundred thirty-ninth and one hundred fortieth hours was unquestionably the result of the reaction between the calcium carbonate and the acids which had been produced in the medium. This indicates that a small amount of carbon dioxide is constantly being produced as a result of a chemical reaction in the presence of calcium carbonate. The marked stimulation in the growth of the organisms because of the addition of the calcium carbonate was again observed. After the addition of the carbonate, the carbon dioxide production equaled and then surpassed the amount calculated.
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